We present the results of a detailed study on the acceleration of intense ion beams by relativistic laser plasmas. The experiments were performed at the 100 TW laser at the Laboratoire pour L'Utilisation des Lasers Intenses (LULI). We investigated the dependence of the ion beams on the target conditions based on theoretical predictions by the target normal sheath acceleration (TNSA) mechanism. A strong dependence of the ion beam parameters on the conditions on the target rear surface was found. We succeeded in shaping the ion beam by the appropriate tailoring of the target geometry and we performed a characterization of the ion beam quality. The production of a heavy ion beam could be achieved by suppressing the amount of protons at the target surfaces. Finally, we demonstrated the use of short pulse laser driven ion beams for radiography of thick samples with high resolution.
INTRODUCTION
Recently, the production of intense, collimated ion beams off the rear surface of laser irradiated targets has been observed. Experiments, using ultra-intense short pulse lasers 1 with intensities exceeding 10 19 W/cm 2 have shown these protons can have very low emittance, while reaching energies of up to 50 MeV 2 . The ion beam generation is attributed to electrostatic fields produced by hot electrons acting on protons from adsorbed hydrocarbons 3, 4 . Relativistic electrons generated from the laser-plasma interaction, having an average temperature of several MeV, envelope the target foil and form an electron plasma sheath on the rear, non-irradiated surface. The electric field in the sheath can reach >10 12 V/m, which field-ionizes atoms on the surface and accelerates the ions very rapidly normal to the rear surface. Protons, having the largest charge-to-mass ratio, are preferentially accelerated in favor of heavier ions over a distance of a few microns, and up to tens of MeV. This forms a collimated beam with an approximately Maxwellian energy distribution at kT = 5-6 MeV. This acceleration mechanism makes these intense ion beams highly interesting for many applications, especially if one can collimate or focus the beam by shaping the target, as suggested by by numerical calculations 5, 6, 7 . In addition to the dependence on the laser parameters, the target material and surface conditions should be crucial for the generation of the ion beams. Therefore we carried out experiments to investigate in detail the influence of the target parameters on the ion beam production.
EXPERIMENTS
The experiments presented in this paper were performed with the 100 TW laser at Laboratoire pour l'Utilisation des Lasers Intenses (LULI). Pulses of up to 30 J at 300 fs pulse duration at λ=1.05 µm were focused with an f/3 off-axis parabolic mirror onto free standing target foils at normal incidence, at intensities up to 5 × 10 19 W/cm 2 . The 1/e 2 focal spot radius measured in vacuum was about 8µm. Amplified spontaneous emission (ASE) occurred 2ns before the main pulse at a level of 10 -7 of the main pulse energy and preformed a plasma.
The diagnostic setup is depicted in Fig. 1 . The free standing target was probed by a frequency doubled laser beam parallel to the surface to determine the plasma conditions on the front and rear surface. A stack of radiochromic film (RCF) was positioned a few cm behind the target to measure the spatial beam profile. Due to the pronounced energy loss of ions at the end of their range (Bragg-peak) different layers of the RC film pack allow the imaging of the ion beam at different energies. The RCF changes through polymerization of a diacetylene active layer, from transparent to dark blue in proportion to the absorbed dose (rads) of ionizing radiation (1 rad = 100 erg/g). We modeled the response of the RC film package with the SRIM 8 Monte Carlo ion transport code, assuming the beam to be protons, and obtained response functions for the layers of RC film similar to the ones presented in Ref. 2 . A slot in the center of the RCF allowed a free line of sight for the charged particle spectrometers fielded at 0 0 , 6 0 and 13 degree to provide the energy distribution of the emitted electrons and ions. A slit in the radiochromic film gives a line of sight for the particle spectrometers.
Two absolutely calibrated, permanent magnetic ion spectrometers 9 were mounted at a distance of about 1m from the target covering a solid angle of 5x10 -6 sr. The electrons and protons were recorded in nuclear emulsion track detectors which allow single particle detection without being overwhelmed by the blinding x-ray flash from the laser plasma. The use of an additional x-ray film layer extended the dynamic range to higher particle fluxes. A protective light tight paper in front of the emulsion and xray film stopped protons below 1.8 MeV. We extended the spectral range to lower proton energies using CR-39 in the low energy range of the dispersion plane. By etching the CR-39 detectors in sodium hydroxide, the material damage caused by the impacts of ions above a threshold of a few hundred keV become visible. Microscopic scanning provides position as well as the size of the impact, which is proportional to the atomic number, Z of the ion. So protons produce much smaller pit-sizes than heavy ions.
As a redundant measure of the total yield of protons we used a titanium catcher foil, which was placed in the path of the proton beam. The Ti is transmuted by a (p,n) reaction by protons above a sharp reaction threshold at ~5 MeV to an excited state of the 48 V isotope. Using a low-background Ge detector we observed the gamma deexcitation lines of the 48 Ti(p,n) 48 V reaction, which provided the total activation and therefore the yield of protons above the reaction threshold of ~5 MeV.
To detect heavy ions accelerated from the rear surface of the relativistic-laser illuminated targets, we substituted two high resolution Thompson parabolas in replacement of one of the charged-particle spectrometers. The parallel electric and magnetic fields in the Thompson parabolas discriminated ions with respect to their momentum and charge-to-mass ratio, at the plane of the CR-39 track detectors. Careful analysis of the scanned CR-39 detectors then provides absolute numbers of the ions with respect to their kinetic energy and charge state. In addition to the ion and laser beam detectors, a silver activation neutron detector was fielded close to the target chamber determining the neutron yield for the different experiments. The silver is activated by neutron capture and γ decays with a half life of 28 seconds, which is detected in a scintillator and recorded by a photo multiplier tube (PMT).
RESULTS

Hydrodynamic target stability
For the effective acceleration of the ions an undisturbed back surface of the target is crucial to provide a sharp ion density gradient as the accelerating field strength is proportional to T hot /el 0 , where T hot is the temperature of the hot electrons and l 0 is the larger of either the hot-electron Debye length, or the ion scale length of the plasma on the rear surface. The preceding ASE launches a shock wave into the target which causes a destruction of the acceleration sheath. Therefore the target thickness was chosen to guarantee an undisturbed rear surface based on numerical calculations using the hydrocode MULTI
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. The result of the simulation is shown on the left side of Fig.2 . The inwards propagating shock wave is clearly visible. It reached the rear surface at about 8 ns after the onset of the prepulse. Thus, the targets should maintain an undisturbed back surface for a 5 ns prepulse. When we applied a prepulse at a contrast ratio of 10 -7 of the main pulse 10 ns before the main pulse the maximum energy of the protons dropped to 2 MeV from the typical 10-20 MeV range typical of low-prepulse shots. This is in good agreement with the MULTI calculations, which indicate that in 10 ns a shock wave launched by the prepulse penetrates the target and causes a rarefaction wave that diminishes the density gradient on the back and therefore drastically reduces the accelerating field. Figure 2 also shows interferometric measurements of the target surface with and without the additionally applied prepulse. The interferometry detect the plasma density conditions on the front and rear surface simultaneously. In the figure, the laser is incident from the right (note that the bright spot is 2ω emission from the laser plasma during the pulse). As shown in Fig. 2 , the front surface always shows the blowoff plasma caused by the ASE. In absence of a prepulse (left image) the rear surface is unperturbed and a high-energy proton signal could be detected on the RCF. In agreement with the TNSA predictions, when we observed the presence of an extended plasma at the rear surface due to the applied pre-pulse, no protons above the detection threshold of our RCF (~ 2MeV) could be measured. 
Angular dependence
The angular dependence of the energy distribution of the proton beam was measured with two ion spectrometers positioned at an angle of 0° and 13° respectively. The measured spatial distributions of protons on the dispersion plane were deconvoluted (with respect to the entrance aperture shape) 11 and corrected for the spectrometer dispersion. The energy of the protons emitted normal to the target rear surface extended up to 25 MeV. The maximum energy of the protons dropped to about 13 MeV at an angle of 13 0 , consistent with a 2-D model of the sheath acceleration process. The spectral shape of each proton energy distribution is generally continuous up to the cut-off energy, in agreement with the electrostatic sheath acceleration mechanism and as well as previous observations in experiments with the LLNL PETAWATT laser 2 . Details about the angular dependence of the ion beam and the origin of occasionally observed narrow features in the spectral distribution, caused by the segregation of different ion species, are beyond the scope of this paper and will be published elsewhere 12 .
Yield, surface dependence Previous experiments using gold targets of similar size, performed at the LLNL PETAWATT laser revealed a smooth, collimated beam of protons perpendicular to the rear surface. The origin of the protons was found to be contaminant layers of water vapor and hydrocarbons. The total yield of protons could be increased significantly using plastic targets, due to acceleration of protons from the bulk material, however the laminarity of the beam was largely disrupted, with the spatial pattern of the accelerated protons exhibiting a large degree of filamentary-like structure. We considered several possible reasons for this behavior, including quality of the plastic versus gold material, ion-acoustic instabilities during the ion expansion, conductivity of the bulk material or of the target rear surface. To investigate the influence of such target conditions on the creation of a collimated ion beam, we varied the target composition and structure of the rear surface.
We used thin (48µm) targets of gold with either a flat or structured rear surface. The proton beam ejected from the rear surface is shown in the left two pictures of Fig. 3 . The results showed a clear dependence of the spatial uniformity of the proton beam on the structure of the back surface. In contrast to the homogenous, collimated beam from the gold target, protons emitted from the structured gold rear surface showed filaments. To discriminate between conductivity and surface quality effects, we next used ~100 micron plastic and glass targets. The results of the glass and plastic targets were even more pronounced. While the flat surfaces of glass and plastic yielded a strong, but filamented proton beam (Fig.3, 3 rd image), there were no protons detected above 1 MeV from the roughened targets (Fig. 3, right image) . Using an Rasterscan-Electron-Microscope (REM) we examined the structure of the target surfaces. The images are shown as the corresponding lower insets in Fig. 3 . Structuring the gold surface maintained a smooth surface with hills and valleys, visible as bright shadows on the lower, second inset of Fig. 3 . The surface of the plastic and glass targets was largely destroyed by numerous cracks. The different behavior of the structured gold, glass and plastic targets can be understood within the context of the Target Normal Sheath Acceleration (TNSA) model. When the material on the rear surface is exposed to the strong electric field generated by the electron plasma sheath, it is field ionized instantaneously. As mentioned above, the accelerating electric field is characterized by E ~ T hot /el 0 , where T hot is the temperature of the hot electron, and l 0 is the scale length of the plasma on the rear surface, and is in the order of megavolts per micrometer. A shallow, wavelike surface, such as for the roughened gold targets, is expected to lead to a microlensing phenomenon, consistent with the observed filamentation or spatial modulation of the accelerated protons. Such microfocusing effects have been calculated for the case of a single concave depression of the surface 5 . In the case of a destroyed surface, the cracks and defects on the plastic and glass create many sharp excursions, very different from the rather smooth undulating surface of the gold targets. The ion plasma created by the field is therefore extended over a much larger scale length normal to the (average) surface. We expect this to partially compensate the charge separation sheath created by the hot electrons, and therefore strongly suppress the ion acceleration.
As mentioned above, it was found in recent experiments 2 that the proton yield of plastic targets was higher than the yield of hydrocarbon contaminants on gold targets, whereas the beam quality from metal targets is much better than from glass or plastic targets 13 . We attempt to increase the yield of laser accelerated protons, while maintaining the superior beam quality, by adding hydrogen-containing layers of CH to the rear surface of gold targets. We varied the thickness of a CH layer between 5 and 100 nm. The results showed an increase of the proton yield according to the CH thickness while maintaining the beam quality. However, at a layer thickness of 100 nm we observed the onset of filament-like structures in the spatial distribution of the accelerated protons.
A well known technique to determine the total yield of fast protons is to use nuclear reactions in a catcher material. For our proton beam, we used the 48 Ti(p,n) 48 Va reaction that provided a sharp threshold at proton energies of ~5 MeV. The total yield of 48 Va activations produced in a typical shot was 10 7 . We from that deduce a total flux of 10 11 laser-accelerated protons, assuming a Maxwellian energy distribution with a temperature of 2 MeV. This represents a total conversion efficiency of less than 1% of the laser energy to accelerated protons.
Proton beam shaping
An important question to be addressed for any future application of laser-accelerated protons and ions is the possibility of tailoring the proton beam, either collimating or focusing it, by changing the geometry of the target surface. Ballistic focusing of the laser accelerated protons is expected to be rather difficult because of the inherent divergence associated with the spatial density dependence of the hot electron sheath, which drives the acceleration. Accordingly, we first attempted to defocus the beam in one dimension, by using a convex target. Using a 60 µm diameter Au wire as a target basically constituted such a onedimensional de-focusing lens, and we observed a line as shown in Fig. 4 . Tilting the wire also changed the orientation of the line, which results from the radial, fan-shaped expansion of the protons normal to the wire.
We then attempted to focus the protons by modifying the curvature (concave) of the target foil. Focusing laser generated protons is essential for many applications like ion-induced material damage research, proton driven fast ignition 14 , proton radiography 15 , and the use as next generation ion sources. Due to the gaussian-like shape of the hot electron Debye sheath that causes the acceleration, there is an energy dependent angle of divergence that has to be compensated to focus the ions in the energy range of interest. Therefore the effective focal length of a curved target rear surface is longer and is dependent of the proton energy. The results, that will be published elsewhere show a strong reduction in the divergence of the central core of the proton beam representing ballistic collimating of laser produced proton beams. 
Heavy ion beam production
Having established that one can enhance the proton yield while maintaining the beam quality, and at least contemplate successful focusing targets, we next attempted to control the accelerated ion species, and in particular selectively accelerate either protons or heavy ions. Due to their larger charge-to-mass ratio, which causes the protons to outrun the other ion species during the ambipolar expansion, protons are accelerated faster taking most of the energy from the electrostatic sheath. Therefore the amount of protons had to be reduced significantly. For targets of solid metals (gold, aluminum) the majority of the protons is due to water vapor and hydrocarbons at the target surface. We reduced these impurities by resistively heating the targets. The targets consisted of thin foils of 50 µm Al coated with 1 µm of carbon. To detect the heavy ions with respect to their momentum and charge-state distribution, we substituted the ion spectrometers with two Thompson parabolas at an angle of 0 0 and 13 0 . The ions were recorded in CR-39 plastic track detectors. We compared the yield for heated and non-heated targets, as shown in Fig.  5 . As expected, for the non-heated targets (left) a strong proton signal was observed together with a weak signal of carbon ions. The result changed dramatically for the heated targets as shown in the right part of Fig. 5 . A sharply reduced proton signal was detected in these experiments together with a much stronger heavy ion signal (carbon and aluminum ions). We observed a higher yield, much higher ion energies and ions at higher charge states. These results are in agreement with experiments using CO 2 lasers more than 20 years ago. In extension to the results obtained in 3 the use of shortpulse chirped-pulse-amplification (CPA) lasers allows focused intensities of > 10 19 W/cm 2 , which is orders of magnitude higher than achievable in the past leading to electron temperatures of several MeV and consequently the observed heavy ions are accelerated up to the several MeV/u range.
Neutron emission
Complementing the laser and ion beam diagnostics we also measured the neutron emission caused by (γ,n) and (p,n) reactions from the target. We used a silver activation detector attached to a photo-multiplier tube (PMT). On typical shots, the neutrons are generated by (γ,n) reactions within the target (caused by the bremsstrahlungs photons from the relativistic electrons) and by (p,n) reactions of our proton beam impacting on the RCF screen. We also used a target of deuterized plastic (CD 2 ), which was heated to produce a beam of deuterons. Fielding a CD 2 catcher foil behind the target we observed the yield of neutrons from (d,d) fusion reactions. We detected a total yield of 2.8 x 10 7 neutrons in this experiment, which was at least an order of magnitude above the yield on average shots.
Proton beam emittance
For most of the future applications of laser generated ion beams the beam quality is the most important characteristic. Especially for the use as an ion source or the application as an inertial confinement fusion (ICF) ignitor beam, the ion beam emittance is crucial with respect to the accelerator structure acceptance or the achievable focus spot size. As is apparent from the radiochromic film data, the angular divergence of the proton jet is rather well defined and decreases with increasing proton energy. This suggests that protons or other light ions accelerated by this mechanism may have a usefully small emittance in the sense of an actual ion beam.
To precisely estimate our emittance, we used penumbral imaging of edges at different distances from the target with the magnetic spectrometers, to directly measure the core emittance of the proton beam. This technique is closely related to the conventional slit-emittance measurements made with apertures and screens at conventional accelerators. We determine the normalized emittance of protons from flat gold foils to be ~0.2 pi mm-mrad, and factor of at least two smaller than the resolution limited measurements we performed on the LLNL PETAWATT (see Ref. 13) . Details of the present measurements, and systematics of the proton emittance versus energy will be reported elsewhere.
The results of this analysis and subsequent modeling, developing a 2-D extension of the model in 16 , suggest that we observe a rather cold proton beam, which is smoothly diverging and highly laminar. The trace space of the highest energy protons exhibits a tilted ellipse, whose width ultimately is the characteristic of the ion temperature. From these data, we deduce that the proton temperature is less than ~1 keV. From simple electron-ion collisional heating during the expansion, one may expect the ion temperature to be even lower, of order ~100 eV.
Radiography using laser accelerated proton beams
The excellent beam quality of the ion beam is ideally matched to the requirements for imaging techniques. One scheme of particular interest is the use of laser accelerated protons to radiograph macroscopic samples to study their properties. Due to the different interaction mechanism protons can provide complementary information to more common techniques like x-ray backlighting. The interaction of swift protons with matter is well known and a traditional research area of accelerator laboratories over the past decades. Because of the copious amounts of protons accelerated in a very short time, laser accelerated protons provide a new diagnostic quality in research of transient phenomena. We performed a first set of experiments to demonstrate the feasibility of these laser accelerated proton beams for radiography applications. In our experiments, we used a compound target of different materials to be imaged by the protons. It consisted of an 1 mm thick epoxy ring structure, several copper wires of 250 µm diameter, a hollow cylinder with 300 µm walls of steel, several Ti sheets of 100 µm thickness and a glass hemisphere of 900 µm diameter and 20 µm wall thickness. The protons were recorded in multiple layers of RCF to detect the image at different proton energies. Fig.6 shows the radiography of the target for final proton energies of 7.5 MeV. The image basically constitutes a negative image of the areal density of the target. The names of the collaborating institutes have been engraved on the epoxy ring, which results in a reduced thickness and therefore a higher energy deposition of the protons in the respective layer. The areal density variation of the hollow cylinder, including a hole in the wall on the right hand side can be seen as well as a thin metal rod placed inside the cylinder. Close examination also shows the small glass hemisphere placed above the cylinder. The time of exposure in this experiment was estimated to be in the order of tens of picoseconds, based of the initial proton beam pulse duration and the energy dependent dispersion of the pulse from the source to the target.
CONCLUSION
We have presented a detailed investigation of the target conditions on the proton and ion beam production from intense laser solid interactions. The observed strong dependence on the rear surface conditions in agreement with the target normal sheath acceleration mechanism. The target conductivity appears to have a major influence on the quality of the ion beam, and the quality of the surface finish of the target is very important for maintaining a high gradient sheath and a laminar beam. It has been shown that tailoring the ion beam (yield, shape, composition, homogeneity) by means of target shape and composition is possible, and we present first observations of laser-accelerated ion beam focusing. Finally the successful generation of an heavy ion beam (carbon, aluminum) further encourages speculation that laser-accelerated ion beams may become a useful tool in a variety of future applications. 
